Objectives-To evaluate the carotid bifurcation in healthy adults using a commercial system equipped with high-frame rate vector flow imaging (VFI) based on the plane wave and to compare VFI with color Doppler imaging.
B
lood flow disturbances and local inflammation, in addition to systemic risk factors such as genetic and biological ones, are considered to be possible causes for the development of atherosclerosis. 1, 2 A correlation exists between the presence of atherosclerosis and the local mechanical wall shear stress exerted by the complex flow. carotid bifurcation [4] [5] [6] [7] and to correlate them with the wall shear stress. 8, 9 Despite the ability to identify laminar and disturbed flow, both techniques determine only the axial component of the flow velocity vector, 5 resulting in an incorrect estimation of the real velocities and consequently of the wall shear stresses. Moreover, color Doppler imaging has a relatively low frame rate, which can sometimes not adequately detect all of the transient hemodynamic events.
To overcome these limitations, a new method for multidimensional estimation of flow velocity called vector flow imaging (VFI), which visualizes blood flow velocities in all directions, has been proposed. 10 Vector flow imaging measures at least 2 of the 3 components describing a velocity vector, combining them to allow the calculation of the true flow vector and the velocity magnitude at each site. The resulting representation provides more intuitive imaging of the flow streamline and disturbed flow formation, especially in the carotid bifurcation. Moreover, we can suppose that the ability to quantitatively evaluate the flow velocity vectors would allow a more precise measurement of wall shear stress.
Until recently, clinical studies based on VFI have been limited. 11, 12 The aim of our preliminary study concerned the in vivo evaluation of the carotid bifurcation with very high-frame rate VFI based on plane wave imaging. Keeping the issue of the wall shear stress measurement in mind, we assessed the flow behavior, such as in the presence of complex flow, at the level of the internal carotid artery (ICA) sinus, as well as its specific extension and duration, in healthy adults. A comparison with color Doppler imaging, today's reference technique for flow visualization in the ultrasound (US) field, was considered. To confirm the relationship between vessel enlargement and complex flow, as expected from previous studies, 13, 14 the flow patterns were also linked to the relative the relative changes in diameter between the common carotid artery (CCA) and the ICA sinus.
Materials and Methods
The study included 60 healthy volunteers; 12 other volunteers were excluded from the study because it was impossible to visualize at least 1 bifurcation on the same scan plane. To reduce the influence of the side-specific geometry of the supra-aortic vessels on the flow, only a single side was randomly considered for each volunteer, resulting in a total of 60 vessels evaluated, reaching a correct balance between right and left sides. Two experienced radiologists performed all of the US examinations using a Resona 7 system (Shenzhen Mindray BioMedical Electronic Co, Shenzhen, China) equipped with VFI and an L11-3-MHz linear transducer. The study was approved by the local Medical Ethics Committee, and written informed consent was obtained from all participants.
Vector Flow Imaging
The high-frame rate VFI used is based on plane wave imaging. Multidirectional transmissions and receptions of plane waves are used to derive the true velocity vectors in any location within a vessel. The dynamic flow representation is obtained by continuously updating the position of the reflectors according to the velocity thus calculated. 15, 16 The flow within a selected region of interest is analyzed by the system at a pulse repetition frequency of 15 kHz and a very high frame rate of 600 Hz for 1.5 seconds, thereby allowing the examination of at least a single cardiac cycle. The data are reprocessed automatically by the system in a 35-to 36-second clip, generating a sequence of 900 images displayed at a frame rate of 25 Hz. The 600-Hz high frame rate offers detailed visualization of the flow through the cardiac cycle by showing transient phenomena, which otherwise would not be detected, allowing the distinction of the different flow components and their extension and duration. Vector flow imaging measures the speed and direction of all blood cells flowing through every point of the region of interest in a short moment. The flow is represented by many color vectors, showing the different velocities, magnitudes, and directions at every point of the vessel (green vectors mean low velocities, yellow and orange vectors medium velocities, and red vectors high velocities; the longer the arrows, the faster the flow). 16 Spatiotemporal characteristics of the flow can be evaluated visually, frame by frame, to assess the flow pattern qualitatively by considering the vectors' directions and lengths. For a quantitative flow evaluation, user-defined vector velocity curves, single-point vector velocities, and vector angle directions are available. The curves are displayed at the bottom of the image and show the flow velocities varying in the subsequent cardiac cycle.
Image and Data Acquisition
The participants were examined in the supine position after a resting period of at least 5 minutes. The standard evaluation included B-mode and color Doppler imaging in longitudinal and transverse views, followed by spectral Doppler imaging and VFI in the longitudinal view. Image acquisition was obtained by the following protocol. The transducer was aligned to visualize the carotid bifurcation long axis on the same plane. On the B-mode images, the flow divider was identified, and the midline of the lumen was located. Various anatomic measurements were also obtained: the CCA diameter was measured 10 mm proximal to the tip of the flow divider, the ICA sinus at the tip level of the flow divider, and the ICA 10 mm distally. The relative changes in diameter between the CCA and ICA sinus (DICA sinus-to-CCA diameter ratio) were calculated and correlated with the absence/presence of flow alterations visualized with color Doppler imaging and VFI. Color Doppler image acquisition was performed at a frame rate of 24 Hz and fixed pulse repetition frequency (velocity range, 624 cm/s); the color Doppler imaging region of interest was steered to achieve the right angle of insonation. The VFI region of interest (24 3 20 mm), automatically positioned at 908 to the transducer surface, covered the bifurcation. To detect both the low-velocity vectors expected in the ICA sinus and the high-velocity flow streamlines near the flow divider, a fixed VFI velocity of 50 cm/s was set. Considering that the participants selected were healthy, the risk of aliasing at such a velocity was unlikely.
Color Doppler imaging and VFI video clips were stored on the system and subsequently analyzed visually frame by frame to assess the flow characteristics, as shown in Table 1 . Regarding details, in the ICA sinus, the presence or absence of the maximum velocity shifted toward the flow divider and the complex flow along the opposite wall and, in the ICA, the complex flow above the sinus. As a diagnostic criterion, complex flow was defined as flow not aligned to the forward direction. The complex flow area was measured on the frame showing the maximum extension during the descending systolic phase. The complex flow duration was quantified by the numbers of frames per second in which it was displayed. To evaluate the differences in temporal resolution between the techniques, the ability of VFI and color Doppler imaging to identify a transient event through the cardiac cycle, such as the diastolic peak flow after the dicrotic notch, was assessed. A more detailed qualitative analysis of complex flow patterns was attempted to compare the ability of VFI and color Doppler imaging to recognize the presence of flow separation, slow fluid movement upstream in the flow separation zone, recirculation, counter-eddies, and the vortex and helical trajectory in the ICA sinus.
Quantitative variables were summarized as the mean 6 standard deviation, as they were normally distributed (Shapiro-Wilk test). For continuous variables, such as the duration of reversed flow, the correlation between the DICA sinus-to-CCA diameter ratio was evaluated by the Pearson correlation coefficient. At every step, VFI and color Doppler imaging results were compared with each other to assess the effectiveness of VFI with color Doppler imaging as the reference standard. All tests were 2 sided. The data analysis was performed 
Results
The relative diameter changes of the carotid bifurcation were analyzed in 60 vessels of 60 participants (30 men and 30 women; mean age, 43.8 years; age range, 22-71 years). Complex flow in the ICA was associated with a statistically significant difference in the DICA sinus-to-CCA diameter ratio (the correlations between the absence/presence of flow disturbances and DICA sinusto-CCA diameter ratio are shown in Table 2 ; Figure 1 and Videos 1B and 1C). The complex flow was absent (ie, flow aligned to the forward direction) when the D
showed negative values (indicating a reduction in the caliber from proximal to distal instead of an enlargement of the carotid sinus; Figure 2 and Videos 2B and 2C).
Other flow behaviors, such as the presence or absence of an ICA sinus maximum velocity shift toward the flow divider, show no statistically significant difference regarding the DICA sinus-to-CCA diameter ratio. Vector flow imaging of the ICA sinus detected both the maximum velocity streamline moving toward the flow divider and the complex flow along the opposite wall in 56 of 60 of cases; color Doppler imaging detected them in 55 of 60 and 54 of 60 cases, respectively. Vector flow and color Doppler imaging were in accordance when detecting the presence or absence of complex flow during the systolic deceleration phase in 96.7% of cases. In 2 cases (3.3%), VFI only was able to detect small (Table 3) . Specifically, recognition of forward slow movement into a separation zone was possible in 26 of 60 (43%) versus 2 of 60 (3.3%) cases ( Figure 2C ). Counter-eddies or multiple eddies were detected in 24 of 60 (40%) versus 5 of 60 (8.3%) cases (Figure 3 and Videos 3A-B and 3C-D); vortex flow ( Figure 4 and Videos 4A and 4B-C) and a counter-rotating helical trajectory ( Figure 5 and Videos 5A-B and 5D-E) were depicted in 10 of 60 (16.6%) and 12 of 60 (20%) versus 4 of 60 (6.6%) and 7 of 60 (11.6%) cases. Different flow patterns were frequently combined in the same vessel.
When comparing the extension of the complex flow area in the ICA sinus as assessed by VFI (mean, imaging (mean, 325 6 206 milliseconds; median, 333 milliseconds), the former showed a longer duration and a strong correlation (r 5 0.92; Table 4 ). The Pearson correlation coefficient between continuous variables did not show any correlation between the DICA sinus-to-CCA diameter ratio and the complex flow duration. Vector flow imaging was able to identify the diastolic peak after the dicrotic notch in 55 of 60 cases (91.7%), in contrast to the 5 of 60 cases (8.3%) allowed by color Doppler imaging ( Figure 6 and Videos 6A-B-C and 6D-E-F).
Discussion
Plaque development typically happens in regions with nonuniform laminar flow. [17] [18] [19] Complex flow usually occurs when a vessel enlarges, at a sharp turn, in branching parts or in cases of an adverse pressure gradient and substantial flow decelerations, as seen in the bulb or at the carotid bifurcation. 14 The flow pattern variations were described as more sensitive to changes in the branch flow division ratio than to changes in the Reynolds number. 8 Model flow studies have shown that a large area of flow separation develops along the outer wall of the ICA sinus. The region of separation is not merely a zone of stasis and recirculation but is rather an area of flow instability, with multiple eddies and countereddies, and of complex secondary flow patterns, including counter-rotating helical trajectories and slow fluid movement upstream. 8 In an analysis of the flow patterns in the carotid bifurcation with color Doppler imaging, flow reversal was found in most of the young asymptomatic volunteers examined, thus indicating that flow reversal in the carotid bifurcation is a regular phenomenon. 6 Because it is evident that not all participants with the reversed flow are affected by atherosclerosis, other flow characteristics must be involved. To explain the phenomenon, some authors have shown that plaque development is related to the regions where the wall shear stress oscillates and have suggested that more attention should be paid to the size and amplitude of this oscillation and the influence of flow and the vessel diameter on the wall shear stress. The position of the maximum wall shear stress oscillation varies, but it is always at the edges of the recirculation region (ie, the point where the difference in velocity vectors between the back and forward flow during the cardiac cycle is most substantial). 20 Consequently, the abilities to accurately analyze blood flow patterns, to detect flow disturbances that appear in short intervals during the cardiac cycle, and to identify the edge of the recirculation regions would be essential prerequisites for risk stratification based on wall shear stress assessment in atherosclerotic disease.
Vector flow imaging allows the direct assessment of multidirectional blood flow. It measures the axial and transverse vector velocity components and the direction of the blood, and it provides spatiotemporal vector information over the carotid bifurcation without the need for any angle correction. 10 Various VFI methods of estimation have been proposed and tested in vitro and sometimes in vivo. These have demonstrated that VFI can be used to generate spatial maps of the velocity vectors and to highlight regions of high velocity, reversed flow, and vorticity. 10, 15, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Both a visual evaluation and the automated vector concentration were assessed as able to distinguish the VFI flow patterns in the carotid artery. 32 Among the suggested methods of estimation, the ones based on plane wave imaging can estimate the 2-dimensional vector velocity at a higher frame rate, allowing better depiction of the complex flows. The basic concept of plane wave imaging explains why it may be used to increase the acquisition rate. In plane wave imaging, a series of single unfocused US beams is transmitted, rather than multiple focused beams. When using the focused transmission, usually only a single receiving beam is generated, whereas a broader area of sonification 
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for every pulse transmission enables several parallel beams to be generated when receiving. 33, 34 Plane waves allow a frame rate at least 10 times higher than conventional acquisition. 35 The first in vivo study with a 2-dimensional fast vector velocity method, based on plane wave excitation, was published in 2009 by Hansen et al, 29 using an experimental system. They achieved a frame rate of 100 Hz, allowing visualization, in great detail, of a stable vortex in the carotid bulb of 6 bifurcations.
Ekroll et al 30 obtained both successful vector velocity images, at a frame rate of 63 to 66 Hz, and retrospective velocity spectra from 12 patients with carotid artery disease using a research scanner implemented with a 2-angle plane wave transmission method. A similar approach was followed by Ricci et al 31 to estimate the velocity vectors along a single line in real time, which had a direction coincident with the axis of the linear array transducer used.
Yiu et al 15 presented a new vector computation algorithm called vector projectile imaging for flow vector estimation and visualization in complex vascular geometries, such as the carotid bifurcation. Specifically, this method derives the true velocity vectors at any location from the multidirectional transmission and reception of plane waves and generates a very high frame rate of 416 Hz. It was tested in vitro on anthropomorphic phantoms simulating both healthy and diseased carotid bifurcations. It enabled the quantitative and consistent tracking of spatiotemporal flow variations and therefore seems robust enough to be applied in clinical practice.
High-frame rate VFI, which is currently available only on a single commercial system, represents the implementation of the vector projectile imaging method and generates a frame rate of 600 Hz, thereby allowing the detailed characterization of complex flow. To allow the creation of simultaneous high-resolution B-mode images, focused waves that interleave with multidirectional Doppler transmission are also used. 36 To the best of our knowledge, this work is the first study that evaluated the in vivo performance of very high-frame rate VFI based on vector projectile imaging in the carotid bifurcation of healthy participants in comparison with color Doppler imaging. In most cases, both techniques were in accordance when detecting complex flow and confirmed the relationship between vessel enlargement and flow disturbances. In the 4 of 60 cases in which both VFI and color Doppler imaging did not detect the presence of reversed flow, the carotid bifurcation geometry was characterized by a tight angle, with no enlargement of the ICA sinus (Figure 2) .
A previous study on the flow patterns in the carotid bifurcation on color Doppler imaging showed flow reversal in 99% of young asymptomatic volunteers. 9 On that basis, with color Doppler imaging as today's reference standard in the US field, no significant differences in the detection of flow disturbances were present between VFI and color Doppler imaging. This result has been shown to be valuable not only for qualitative evaluations, such as the presence/absence of reversed flow, but also for quantitative analysis of the flow disturbance duration, thus confirming the effectiveness of the new technique.
Vector flow imaging highlighted a larger extension of the complex flow area in comparison with color Doppler imaging. This finding may be explained by considering the higher spatial resolution allowed by continuously updating the vectors' positions and by the absence of the angle dependence limitation.
Some differences found between color Doppler imaging and VFI in the detection of a small complex flow area of short duration may be explained by the higher temporal resolution of VFI. Another example of VFI's ability to detect flow velocity variations related to brief events is the detection of the diastolic peak after the dicrotic notch in most cases. As known, the aortic pressure throughout the cardiac cycle has a small dip (coinciding with the closure of the aortic valve), which is immediately followed by a brief rise (the dicrotic wave) and then a gradual decline. Both events have very short durations. 37 High-frame rate VFI has a very high temporal resolution (1.6 milliseconds at 600 Hz) compared with color Doppler imaging (41.6 milliseconds at 24 Hz), thus allowing the possibility of detecting the dicrotic event, the duration of which was estimated to be about 16 to 43 milliseconds in our study.
The combination of higher spatial and temporal resolution explains why VFI outperformed color Doppler imaging in the assessment of fluctuating disturbances of flow, such as eddies, and complex flow behaviors, such as vortexes and helical trajectories. These VFI characteristics allow the precise identification of both the edge of the recirculation region and the areas of flow instability, where the wall shear stresses would be measured.
These preliminary results demonstrate that highframe rate VFI may represent a new US approach, which is stronger than color Doppler imaging in flow estimation. To confirm this potentiality, VFI needs to be evaluated in pathologic settings.
Our study had some limitations. First, the number of patients limited an optimal statistical evaluation. Therefore, the results should be verified in larger and more varied populations. Second, the evaluation of complex flow with VFI was visual and was thus subjected to interobserver variability. Third, a tool for measuring the wall shear stress, to evaluate the correlations between complex flow and atherosclerosis, is not available on the market yet. Moreover, no other reference method was applied (eg, magnetic resonance imaging) to assess whether VFI captures more/new/improved flow information compared with color Doppler imaging. Last, the VFI used in this study is based on a 2-dimensional US transducer, which does not allow a 3-dimensional evaluation of the flow behavior. A 3-dimensional VFI method, allowing very high temporal resolution, will be needed to elucidate the complexity of hemodynamic patterns thoroughly.
In conclusion, high-frame rate VFI confirms the findings of previous studies in the evaluation of carotid flow in healthy individuals, matching the information obtained by color Doppler imaging. Vector flow imaging is as effective as color Doppler imaging in the assessment of reversed flow, but it is more powerful in the understanding of flow behavior and the detection of complex flow patterns, thanks to the multidirectional angleindependent approach. Moreover, high-frame rate VFI allows a more precise definition of the complex flow extension and better identification of the edge of the region where backflow is observed inside a flow separation zone. Because of these advantages, VFI could be used as a guide for the point-by-point in vivo measurement of wall shear stresses. Figure 6 . A, Color Doppler imaging at the systolic peak shows upstream flow near the divider (arrowhead) and recirculation on the opposite side (asterisk) of the ICA sinus. B and C, Two frames extracted during the postsystolic phase. No distinct color patterns referable to the dicrotic notch or the diastolic peak events are detectable. D-F, Three frames, corresponding to the systolic peak, dicrotic notch, and diastolic peak events (arrows on the velocity-versus-time curves), show the higher temporal resolution of VFI compared to color Doppler imaging. High-velocity red vectors along the flow divider (arrowheads) depict the upstream flow in D and F; low-velocity green vectors (arrowhead) represent the dicrotic notch in E. Recirculation (asterisks) is assessed in all of the frames in the ICA sinus. (The full clips are available as Videos 6A-B-C and 6D-E-F.) ECA indicates external carotid artery; and STA, superior thyroid artery.
